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Y. Lei (If and Z. Y. Xu (l&IE^) 2 

1 Key Laboratory of Neutron Physics, Institute of Nuclear Physics and Chemistry, 

China Academy of Engineering Physics, Mianyang 621900, China 
2 INPAC, Physics Department, Shianghai Jiao Tong University, Shianghai 200240, China 

(Dated: July 27, 2015) 

The shell-model collective-pair truncation with negative-parity pairs is adopted to study the 
(/in/ 2) 2 alignment in 132 Ba. The proton (h 11 / 2 ) 2 -alignment state is predicted as an E ~ 4.6 MeV 
and r ~ 0.5 ps isomer with relatively strong E3 decay channels. The oblately deformed neutron 
(T 111 / 2 ) 2 alignment in the yrast band and four negative-parity bands are confirmed, even although 
two of these negative-parity bands favor the prolate deformation, which directly manifests the 7 
unstability of 132 Ba. 

PACS numbers: 21.10.Re, 21.60.Cs, 23.35.+g, 27.60,+j 


132 Ba is a typical 7-unstable nucleus in the transitional 
region of Z ^ 50 and TV ^ 82 with a large variety of co¬ 
existing nuclear shapes. Its negative-parity bands with 
I v = 5“ and 6 _ bandheads (bandhead energies: 2.12 and 
2.358 MeV, respectively) maintain an oblate shape, while 
prolately deformed negative-parity bands with 7 7r = 7~ 
and 8“ bandheads (bandhead energies: 2.902 and 3.105 
MeV, respectively) were also reported in the 132 Ba level 
scheme 0 0 • There four negative-parity bands here are 
denoted by “5 _ , 6 _ , 7” and 8“ bands” in sequence. In 
the yrast band, the r =8.94(14) ns 10 + isomer is assigned 
as the neutron (Tin/2) -2 alignment with an oblate shape, 
which has two Tin/2 neutron holes rotate alignedly. On 
the other hand, the proton (/in/2) 2 alignment with the 
prolate deformation is also expected in 132 Ba (unfortu¬ 
nately unobserved yet), because the competition between 
proton and neutron (Tin/ 2 ) 2 alignments are generally ex¬ 
hibited in this nuclear region j3l-ll2l|. 

There may exist strong electromagnetic transitions 
from the (7r/i 11 / 2 ) 2 -alignment state to states in 7~ and 
8 _ bands, because initial and final states share a simi¬ 
lar prolate shape. It’s desirable to theoretically estimate 
these transition rates before an experimental search for 
the {'Khu/ 2) 2 alignment in 132 Ba. 

The (^Tin/2) -2 alignment was also suggested in 5 _ , 
6 _ , 7~ and 8“ bands according to their band irregular¬ 
ity around 5^6 MeV 0 , 1 . However, the experimental 
evidence is not as solid as the (^Tin/2) -2 alignment in 
the yrast 10 + isomer 0Q. It’s essential to confirm 
the (i//in/ 2 ) _2 alignment in these negative-parity bands 
from a shell-model perspective. 

The present work aims at studying the (/in/2) 2 align¬ 
ment in both positive and negative-parity states of 132 Ba 
within the shell-model framework. The model-space 
truncation is required to reduce the gigantic dimen¬ 
sion of the shell-model description for 132 Ba. It’s note¬ 
worthy that the collective-pair truncation of the Shell 
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TABLE I. Hamiltonian parameters from Ref. 0 in MeV. 



Sl/2 

<4/2 

<4/2 

37/2 

Tlll/2 
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0.000 

2.793 

e v 

0.332 

0.000 
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“gT 

~gT 

G JJ 


/■V7T 


0.130 

0.030 

0.130 

0.026 

0.045 

0.065 0.070 


Model has be proved to be an efficient approach for the 
(Tiii/ 2 ) 2 -alignment description fl5l4l7i ]. In such trunca¬ 
tion, collective pairs with spin 0/7 and 2 h are nor mally 
employed to represent the low-lying collectivity [18l - [24| . 
which naturally provide A/ = 2 band structures, as 
5 _ , 6 _ , 7~ and 8“ bands of 132 Ba behave. Recently, 
negative-parity pairs were introduced into the pair trun¬ 
cation [2514271 ] . which enables a shell-model description 
of negative-parity states in a heavy even-nucleon system, 
e.g., negative-parity states of 132 Ba discussed here. Thus, 
the collective-pair truncation with negative-parity pairs 
is adopted for our negative-parity-state related study on 
the (hu/ 2) 2 alignment of 132 Ba. 

Our calculation adopts a phenomenological shell-model 
Hamiltonian as in Ref. [161]: 

# = -£(£ + E G s a vp ■ k 

CT— 7 T, V j S = 0,2 

~\~hp(jQa Qcr') H - Ktvl'Qtt ' Qui (1) 

with 

p0 t=E VlaH (C t xC t ) 0 j (2) 

a 

V 2t = E Q(ab)(Cl x Cl) 2 ,Q = E q(ab)(Ct x C b ) 2 . 

ab ab 

In Eq. (j2]), q(ab) = {a\\r 2 Y 2 \\b)/r$, where ro is the os¬ 
cillator parameter, y/hjjrrujg). Hamiltonian parameters, 

K a , and in Eq. ©, are also taken from 
Ref. [l6| as listed in Table Q] 

Our pair-truncated shell-model space for 132 Ba is given 
by the coupling of three proton pairs and three (hole¬ 
like) neutron pairs in the 50-82 shell. These pairs can be 
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TABLE II. Structure coefficients, i.e., /3/ 6 defined in Eq. 0, 
of 5 and 6 pairs. 

r = 5~ r = 6 ~ 

ab = h\\j 2 x S 1/2 +0.551 +0.616 
ab = h\\j 2 x d 3 /2 —0.832 +0.780 
ab = ftii /2 x d 5 / 2 +0.038 +0.097 
ab = h\\j 2 x gj /2 —0.050 +0.053 


formally defined by 

a^.b 


(ci x cir 

\/l + S a b 


where C / is the creation operator of the a orbit. Thus, 
A 1 * t( ab) is a non-collective pair with two nucleons at a 
and b orbits; A 1 i represents a collective pair with op¬ 
timized structure coefficients, /3^ 6 , to best describe the 
nuclear low-lying collectivity. Especially, /3^l =0+ corre¬ 
sponds to the Cooper-pair structure due to the strong nu¬ 
clear pairing collectivity, and is determined following the 
principle of projected-particle-number BCS theory [28j . 
Other f3^b with / 7r ^ 0 + is obtained by the diagonaliza- 
tion in the v = 2 broken-pair model space [29(. More 
details about the determination of Bl h are described in 
Ref. & 

In our calculation, four types of pairs are adopted: 


1 Following previous pair-truncation calculations 
fl8l - l24l |. collective pairs with I 71 ' = 0 + and 2 + are 
introduced. 


2 Bandbeads of 5“ and 6~ bands correspond to the 
mixture of neutron h\\i 2 x S\/ 2 and h\\i 2 x d 3 / 2 
configurations 00 - In the 50-82 major shell, such 
mixture can only emerge in collective I 77 = 5“ and 
6“ neutron pairs. Thus, these two pairs are intro¬ 
duced to develop 5 - and 6“ bands, and denoted by 
“5^ and 6 _ ” pairs. 

3 7~ and 8“ bands are built on the coupling of hn / 2 
and g 7 / 2 protons 00 - Considering the short-range 
property of nuclear force, the coupling with total 
spin 1 = 9 should give the lowest binding energy 
& Thus, the non-collective (nhn / 2 x ngj^) 1 9 
pair is introduced. 

4 We take the {nhn/ 2 x 7r/i 11( / 2 ) /,r=10+ pah to de¬ 
scribe the ( 7 Thn/ 2) 2 alignment. 

In previous pair-truncation calculations jl5l - fl7j . the 
(^ 11 / 2 ) 2 alignment is represented by the (: vh\\i 2 x 
z/hn/ 2) 7 =10+ pair. However, we don’t introduce such 
pair, because the coupling of two 5“ and/or 6“ pairs 
with total angular momentum I ^ lO/i (denoted by the 
“5 _ ® 6“ coupling”) can also describe the (j'/iii/ 2 )~ 2 
alignment. To demonstrate this point, we list structure 
coefficients of 5“ and 6~ pairs in Table IE which sug¬ 
gests that the 5“ <g> 6“ coupling are mainly constructed 


by two S 1/2 and/or d 3 / 2 neutrons along with two hn/ 2 
neutrons. These two s\/ 2 and/or d 3 / 2 neutrons only pro¬ 
vide little angular-momentum contribution, so that the 
/ ^ 10 H total angular momentum of the 5~ ® 6“ cou¬ 
pling almost comes from the rest two /in/ 2 neutrons. In 
other words, these two h\ 3 / 2 neutrons have to contribute 
/ ~ 10?i angular momentum, which forces them to ro¬ 
tate alignedly. Thus, the (vh 3 \/ 2 )~ 2 alignment emerges 
within the 5“ ® 6 _ coupling. 

For 132 Ba with 3 valence proton pairs and 3 valence 
neutron-hole pairs in 50-82 major shell, our proton or 
neutron pair-truncated basis is given by 

IlE „> = (V 7 1 x A^f 2) x | 0 ), (4) 

where A ri \ A r A and H 7 ' 3 ^ can be any type of pairs we 
described above. Proton and neutron basis are coupled 
together as xJu ) = \ t%*) x \t^). Hamiltonian 

matrix elements under It/) bases can be calculated with 
the formalism of Ref. [33 ■ These elements are denoted 
by H?j, where i and j are indexes to identify bases in 
the diagonalization algorithm. The Hamiltonian should 
be diagonalized under a set of linearly independent, nor¬ 
malized and orthogonal bases, which can be constructed 
by the linear combination of \t j ) bases as described in 
Ref. [33J. In detail, we calculate the overlap matrix of 
| t j ) bases, and diagonalize it with a serial of eigenvalues 
(e,) and corresponding eigenvector matrix elements (v-ij ). 
The ith normalized and orthogonal basis is given by 

= 4 fE^I t />- ( 5 ) 

V 1 3 

To handle the overcompleteness, we neglect |/>f)s with 
e, = 0, and reserved \cj) J ) bases construct the pair- 
truncated space for 132 Ba. Thus, the Hamiltonian matrix 
under | (f> J ) bases is produced by 

H tj = —7= E Vikv A H u ’ ( 6 ) 

V e * e J kt 


and inputted into Hamiltonian diagonalization. Resul¬ 
tant wave-functions are used for further calculations on 
electromagnetic properties and expectation values of the 
pair numbers. 

The electromagnetic-transition operators adopted in 
our calculation are 


T(E2) = E e.r 2 y ff 2 , T(E3) = E (7) 


(7—7T, V 


a—TV, V 


T(M 1) = \ — 'V' gia~t a + gscr^a- 

V 47]- 


cr—ir, v 


Here, e„, gi a and g sa (in units of e and hn/H) are the 
effective charge, orbital and spin gyromagnetic ratios of 
valence nucleons, respectively. They are taken from Ref. 
fl(| as e-n- = 2, e„ = —1, g ws = 5.58 x 0.7, g vs = —3.82 x 
0-7, g^i = 1.05 and g v i = 0.05. 
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FIG. 1. (Color online) Experimental (a) [31 and the cal¬ 

culated spectrum (b), including the yrast band, 5 _ , 6 _ , 7 ~, 
bands, and the (7rh 11 /2) 2 -ahgnment band, which is high¬ 
lighted by red color. 
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Fig. [I] presents the calculated 132 Ba spectrum com¬ 
pared with the experimental one, including the yrast 
band, 5 _ , 6 _ , 7 - , 8 _ bands and the potential (■ JThn / 2 ) 2 - 
alignment band. A rough spectral consistency between 
our calculation and the experiment is achieved for these 
bands we are concerned about. One may also note that 
there is still inconsistency for low-lying 1 _ , 3 _ and 4“ 
states, which are all out of our scientific motivation and 
our model space constructed with four types of pairs 
we itemize above [2, HU HU- Thus, we have no inten¬ 
tion to fix the inconsistency by introducing redundant 
pairs, which obviously will complicate our study, and in 
what follows we limit ourselves to current model space. 
Furthermore, calculated 7~ and 8“ bands based on the 
( 71 -/ 111/2 x 'Kg< 3 / 2 ) 11 '^ pair are still observed to be sys¬ 
tematically higher than those from experiments by ~ 0.3 
MeV. This is because the single-particle energy of the 
132 Ba hn /2 proton, i.e., the [550] level, is depressed 
by ~ 0.3MeV relatively to the Fermi surface [33], due 
to the Bo ~ 0.12 prolate deformation of 7” and 8“ 
bands j38(. This effect shall also have direct impact 
on the prolately deformed {j^hn/ 2) 2 alignment, which 
the shell-model framework can not intrinsically consider 
yet. Therefore, our calculated excitation energy of the 
(nhu/ 2) 2 alignment should be reduced by ~ 0.6 MeV as 

an amendment. By searching the (irhn /2 X'n'hii/ 2) 1 =10+ 
pair in output wave-functions, the experimentally unob¬ 
served band beyond the (7r/in/ 2 ) 2 alignment has been lo¬ 
cated in calculated spectrum, as demonstrated by red lev¬ 
els in Fig. [T[b). The excitation energy of corresponding 
10+ bandhead (i.e., the ('7 t/i 1:l / 2 ) 2 alignment) is E ~ 5.2 
MeV. Thus, the 132 Ba (7r/i 11 / 2 ) 2 -alignment energy is pre¬ 
dicted to be around 4.6 = 5.2 — 0.6 MeV, which agrees 
with the svstematics of the alignment energy in light Ba 
isotopes [2i. fill. [30| . 

To probe electromagnetic properties of the ~ 4.6 MeV 
(7r/in/ 2 ) 2 -alignment state, we calculate its E2, Ml, E3 


TABLE III. E3 transition rates (in W.u.) from the I n = 10 + 
isomer with the (jvhn/ 2) 2 alignment to states in 7~ and 8“ 
bands. The superscript labels the main decay branch. 
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FIG. 2. 2 (a), B(E2, /->-/-2) (b) and g factors (c), 

as well as the sum of 5“ and pair numbers (d), of yrast 
states in 132 Ba from experiments (Exp) HU an d our calcula¬ 
tion (Cal). The yrast (uhn/ 2 ) 2 alignment is highlighted. 


decay to observed levels. Resultant E2 and Ml decay 
rates to yrast 8 + , 10 + and 12 + states are all smaller than 
10~ 13 W.u.. Such weak decays can be attributed to the 
parity conservation, which forbids E2 and Ml transition 
operators from scattering the negative-parity /in/ 2 nu¬ 
cleon to other positive-parity orbits of 50-82 major shell. 
In other words, any state related to the (whn / 2 ) 2 align¬ 
ment by strong E2 or Ml transitions must be constructed 
with two hn /2 valence protons. However, yrast states, as 
well as most of low-lying positive-parity states in 132 Ba, 
have few valence /iii/ 2 protons due to the large 7r/in/ 2 
single-particle energy. Thus, strong E2 and Ml decays 
from the (7iAii/ 2 ) 2 alignment to these low-lying positive 
levels are absent, which may partially explain the inac¬ 
cessibility of the ( 7 Thn/ 2) 2 alignment in observed level 
scheme of 132 Ba. On the other hand, we obtain rela¬ 
tively strong E3 decays from the U = 10 + state with 
the ( 7 Thn/ 2) 2 alignment to states of 7“ and 8“ bands as 
shown in Table ED Such strong E3 decays are expected, 
because the ( 7 Thu/ 2) 2 alignment shares the prolate defor¬ 
mation with 7~ and 8“ bands. Based on above calculated 
decay rates, the I n = 10 + level with the ( 77 /in/ 2 ) 2 align¬ 
ment is suggested to be a 0.511/rs isomer with the main 
decay branch of E 1 ~ 1.3MeV to the J 7r = 9“ level in 
the 7” band. 

Now, let’s turn to the ( vhn/ 2 ) -2 alignment. The 
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FIG. 3. (Color online) Ei +2 — Ei (a) and the sum of 5“ 
and 6“ pair numbers (b) in 5~ and 6” bands. Abbreviations 
“exp” and “cal” correspond to the experimental data [34} and 
calculated results, respectively. The grey zone highlights the 
(^/in/ 2 ) _2 alignment. 


yrast I 77 = 10 + isomer is the most typical (/in/ 2 ) 2 - 
alignment observation in 132 Ba. We would like to revisit 
the yrast alignment before discussing (n/in^) -2 align¬ 
ments in negative-parity bands. According to Fig. [T| 
our calculation spectrally reproduces the excitation en¬ 
ergy of the yrast alignment. To present this alignment 
more explicitly, we additionally compare calculated and 
experimental associated energies [E I — E I _ 2 ], reduced E2 
transition rates [B(E2, I —> I — 2)] and magnetic g fac¬ 
tors of the yrast band in Fig. [2] The backbending of 
Ei — Ej_ 2 , the sharp dropping down of B(E2, /—>•/ — 2) 
and g factor at the I 77 = 10 + isomer both experimentally 
and theoretically evident the intruding of the (i'/iii/ 2 )~ 2 
alignment in the yrast band. To observe this alignment 
at the wave-function level, we also calculate the expecta¬ 
tion value of 5~ and 6^ pair numbers, and plot the sum 
of 5“ and 6 _ pair numbers in Fig. [3(d). Correspond¬ 
ingly to the (i'/iii / 2 )~ 2 alignment at I = lO/i, two 5“ 
and/or 6“ pairs are suddenly excited as a representation 
of the 5“ ® 6“ coupling. In other words, the (i'/iii/ 2 ) -2 
alignment indeed is induced by the 5“ ® 6 _ coupling. 
Therefore, we take the sudden increasing of 5“ and 6“ 
pair numbers by two as a signal of the (iz/in/ 2 )~ 2 align¬ 
ment. 

The [yhn/ 2 )~ 2 alignment in 5“ and 6 _ bands was 
proposed according to the band irregularity around I = 
14 h in References 0 , 0 . In Fig. [3( a), level spacings 
(Ej +2 — Ei) also occur a sudden decrease around I = 14 h, 
and more implicitly demonstrate this band irregularity 


in both experimental and calculated level schemes. We 
present the sum of 5“ and 6 ~ pair numbers in Fig. [3(b) 
correspondingly. Below I = 14/1, only one 5“ or 6 ~ pair 
exists in 5“ and 6 “ bands as expected by Ref. 0 , 0 ; 
beyond this point, two more 5“ and/or 6 “ pairs, i.e., the 
5“ ® 6 ~ coupling, are excited. The (iz/in /?)~ 2 alignment 
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FIG. 4. Sum of 5“ and 6“ pair numbers in 7“ and 8“ bands. 
The grey zone highlight the potential (iz/in/ 2 ) -2 alignment. 

in 5 _ and 6 _ bands is confirmed. 

The (Z// 111 / 2) -2 alignment is also expected in 7~ and 
bands around I = 16 H 0 , even though the spectral 
evidence was insufficient. We plot the sum of and 6 “ 
pair numbers in 7~ and 8 “ bands in Fig. [4[ where the 
® 6“ coupling is observed beyond I = 16h. Thus, 
we confirm the (zz/in / 2 )~ 2 alignment with oblate shape 
in 7~ and 8 _ bands, although these two bands favor the 
prolate deformation. 

To summarize, we adopt the pair-truncation of the 
Shell Model with negative-parity pairs to describe the 
(/in/ 2) 2 alignment in 132 Ba. Our calculation is spec¬ 
trally consistent with experiments. The J 77 = 10 + 
state with the ( 7 r/i n / 2) 2 alignment is predicted to be an 
E ~ 4.6MeV and r ~ 0.5/rs isomer with relatively strong 
E3 transitions to 7~ and 8 “ bands, which requires further 
experimental verifications. (iz/in/ 2 )^ 2 -alignment obser¬ 
vations in both yrast band and negative-parity bands are 
also well reproduced by the 5“ ® 6 “ coupling, which is 
suggested to be another representation of the (yhn/ 2 ) 2 - 
alignment configuration. This oblately deformed align¬ 
ment in prolate-favor 7~ and 8 ~ bands typically evi¬ 
dences the 7 unstability of 132 Ba. 
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